We study the CP -violating, |∆S| = 1 parameter ε ′ /ε by computing the hadronic matrix elements in the chiral quark model. We estimate in the chiral expansion the coefficients of the next-to-leading order terms that correspond to the operators Q 6 and Q 11 . We consider the impact of these corrections on the value of ε ′ /ε. We also investigate the possibility that the chiral quark model might drastically reduce the dimensional regularization γ 5 -scheme dependence of current evaluations of ε ′ /ε.
Foreword and Summary
A detailed study of the CP -violating, |∆S| = 1 parameter ε ′ /ε puts us at the crossroad of different aspects of standard model physics and, accordingly, provides a promising testing ground of model-dependent features.
As the precision in the experimental measurements of ε ′ /ε improves [1] , all theoretical predictions face the challenge of reducing their uncertainties. These have a twofold origin as, on the one hand, the analysis of the Wilson coefficients must be pushed to higher orders in α s and α (as well as including all the relevant operators) while, on the other hand, the estimate of the hadronic matrix elements has to be substantially improved.
Indeed, a great deal of work has been done in this direction. In recent years the Wilson coefficients of the effective lagrangian for |∆S| = 1 weak decays have been computed to the next-to-leading order (NLO) [2, 3] , and matrix elements have been calculated by a variety of techniques like 1/N c [4] , quark models [5] and lattice [3] . Yet it is perhaps fair to say that, all efforts notwithstanding, the current uncertainty in the theoretical prediction of ε ′ /ε is still large, most of it arising from the hadronic matrix elements.
There are at least four relevant perturbative expansions which are important in estimating hadronic matrix elements. These are the 1/N c and α s /π expansions for non-factorizable contributions, which have been studied in [4] and [5] , respectively. Then we have the chiral expansion, which comes in two varieties according to the energy scale at which it is considered. The coefficients of the chiral lagrangian take contributions from chiral loops (corresponding to momenta below the scale Λ QCD at which all quark fields are integrated out) as well as from light-quark loops (between Λ QCD and the chiral symmetry breaking scale Λ χ ).
The chiral quark model (χQM) [6, 7, 8] can be thought as interpolating between the lower-end of the perturbative short-distance analysis (≈ 1 GeV) and the chiral lagrangian energy region (Λ QCD ≈ M ). In the model, the scale M is identified with the constituent quark mass. This is the only free parameter in our analysis and most matrix elements are a sensitive function of it. What are the allowed values for this parameter? As we shall discuss in section 2, a rather large range (100 < M < 400 MeV) is possible, different analyses having different outcomes according to the actual physical processes considered.
In this paper, we begin a study of ε ′ /ε in the χQM by focusing on two aspects: the relevance of the NLO corrections to the hadronic matrix elements and the problem of the γ 5 -scheme independence of the estimate. Our original motivation was to study the gluonic magnetic dipole penguin operator
which until recently has been tacitly neglected in all discussions of ε ′ /ε. The potential relevance of the operator Q 11 for ε ′ /ε has been discussed in a previous work [9] . We confirm the result of ref. [9] up to an overall sign. In section 3 we discuss in detail the bosonization of Q 11 . The first non-vanishing contribution of Q 11 to the K → ππ matrix elements comes from a term that is NLO in the chiral expansion (O(p 4 )). Even though the corresponding coefficient of the chiral expansion-as well as the shortdistance Wilson coefficient-is large, the matrix element turns out to be kinematically suppressed by a factor m 2 π /m 2 K with respect to the dominant operators, making its contribution to ε ′ /ε subleading.
In order to better gauge the significance of this NLO contribution, we estimate, in section 4, the NLO correction to the matrix element of the ordinary gluonic penguin operator
which gives the dominant contribution to ε ′ /ε. Such an NLO correction to the hadronic matrix element of Q 6 turns out to be generally larger than the contribution of the operator Q 11 , as well as the leading-order (LO) contributions of the operators Q 3 , Q 5 and Q 7 (see section 5 for definitions). Its size increases monotonically with M , ranging from 14% of the LO term for M = 120 MeV up to 25% and more for M ∼ > 220 MeV.
Our perturbative results (we perform an expansion in powers of M 2 /Λ 2 χ ) should not be trusted for larger values of M , higher-order corrections being needed.
Our approach makes it also possible to study the dimensional regularization γ 5 -scheme dependence of the matrix elements of these operators. This is an important problem since it causes, if we take the NLO results for the Wilson coefficients in the two schemes, a significant part of the current theoretical uncertainty (see for instance ref. [2] )-as large as 70-80% for m t = 170 GeV. One expects this scheme dependence to disappear when matrix elements are consistently evaluated [10] . This cannot be done within the lattice or 1/N c approach.
As a preliminary analysis, in section 5 we use the χQM to study the γ 5 -scheme dependence of ε ′ /ε in a toy model, made of the LO matrix elements of the operators Q 6 (for the I = 0 amplitude) and of the electroweak penguin operator (for I = 2):
which becomes important for a heavy top quark. As a matter of fact, the Wilson coefficients of these two operators exhibit the largest scheme dependence. In comparison, the scheme dependence of the Wilson coefficients of Q 4 and Q 9 , next in relevance to Q 6 and Q 8 , is ten times smaller.
We find that the γ 5 -scheme dependence of ε ′ /ε in our toy model is reduced below the 10% level for values of the parameter M well within the allowed range. This means that, for any value of Λ (4) QCD in the 200-400 MeV range and of the renormalization scale µ between 1 GeV and m c , it is possible to find a value of M in a restricted range (120-220 MeV) for which the scheme dependence of the hadronic matrix elements exactly cancels that of the Wilson coefficients.
Notice that in the χQM the matrix element of Q 11 turns out to be scheme-independent, as it happens for its "LO" Wilson coefficient [11] .
The range of values for which we find scheme independence is consistent with the values of M for which we can trust our perturbative results at the order M 2 /Λ 2 χ (M ∼ < 200 MeV). To extend our analysis in a reliable manner to values of M of 300 MeV and more requires considering higher-loop effects-a difficult computational problem.
As encouraging as these results might be, we should remember that we are considering a toy model for ε ′ /ε in which only the two leading operators Q 6 and Q 8 are included. In order to ascertain conclusively the scheme independence and the size of ε ′ /ε, all relevant operators should be evaluated in the χQM and consistently included.
Preliminary estimates show that such an extension stabilizes the range of values of M for which the scheme independence is substantially weakened, further reducing the renormalization scale dependence.
In the final part of the paper (section 6) we compare the contribution to ε ′ /ε of the dipole penguin operator Q 11 to the other ten traditional operators. Since the hadronic matrix elements of the other operators beside Q 6 are known in the χQM only to the leading factorizable order, we follow for the ten traditional operators the 1/N c approach of ref. [2] .
A detailed anatomy of all individual contributions is summarized in tables 6, 7 and 8. We find these tables a useful way of displaying the available information and a standard reference for future developments.
The Wilson coefficients are computed to the NLO level, at least to the extent made possible by the entries of the anomalous dimensions currently available-the threeloop NLO mixing between Q 11 and the other operators and related two-loop initial conditions are still missing. This may amount to a 40-50% uncertainty in the Q 11 Wilson coefficient at the 1 GeV scale (extrapolating the results for b → sγ given in ref. [12] ). Nonetheless, this little affects the final result for ε ′ /ε since the evolution of the first ten Wilson coefficients is independent on the presence of the Q 11 (and Q 12 ) operator. Our analysis shows that the inclusion of the magnetic penguin operator affects the prediction of ε ′ /ε always below the 10 −4 level, therefore putting Q 11 in the same class as other operators like Q 3 , Q 5 and Q 7 , whose contributions are even smaller; yet, for m t ∼ > 170 GeV, the size of ε ′ /ε itself becomes of the same order as the Q 11 contribution.
The completion of the study of ε ′ /ε in the χQM approach is needed to ascertain conclusively the γ 5 -scheme independence of the result and, what is equally relevant, the corresponding size of ε ′ /ε. Corrections of the order of the current quark masses and α/π will then have to be included. We expect the mass corrections to be of the order or less than 10%, while those of (soft) gluon contributions to be larger ( ∼ < 50%). We recall that in our toy model we find systematically a factor of 3-4 enhancement with respect to the average of the 1/N c results with Q 6 and Q 8 only and m t = 170 GeV. This is partially due to a reduced cancellation between the two operators in the χQM.
We also stress the relevance of the calculation of NLO corrections to all relevant matrix elements, which become crucial for m t ∼ > 170 GeV, due to the large cancellations that occur between gluonic and electromagnetic penguin contributions.
Bosonization of quark operators
In general, the effective lagrangian at the quark level has the form
where the coefficients C i contain the short-distance physics above the renormalization point µ ≃ 1 GeV, and Q i are operators containing quark fields (at the scale µ). When the quark operators are bosonized, they will be represented by some linear combination of meson operators L (χ) j : 2) leading to the following chiral lagrangian at the meson level:
One way to perform the bosonization is to give the complete list of operators L (χ) j to which some quark operator Q i could a-priori contribute [13, 14, 15] . To determine the various coefficients b ij , one tries combinations of experimental data and phenomenological estimates. In this work, we have chosen a version of the χQM advocated by various authors [6, 7] . This type of effective low-energy model is obtained by adding a new term to the ordinary QCD lagrangian:
where q = (u, d, s), and the 3 × 3 matrix Σ ≡ exp (2i Π/f ) contains the pseudoscalar octet mesons Π = a π a λ a /2 (a = 1, .., 8). The scale f is identified with the (bare) pion decay constant, so that numerically f ≃ f π ≃ 93.3 MeV (and equal to f K in the chiral limit). The parameter M is characteristic of the χQM and represents a typical constituent quark mass for the light quarks. For M = 0 the chiral symmetry is broken and the quark condensate acquires a non-vanishing vacuum expectation value. A central value of 320 MeV is found in ref. [5] , albeit with a comparable uncertainty. Smaller values are found by fitting data relevant to meson physics, as in ref. [16] , where M = 223 ± 9 MeV is quoted. It seems fair to consider the range 100 MeV < M < 400 MeV, as a reasonable present-day uncertainty on the determination of the parameter M .
The resulting field theory with pseudoscalar quark-meson couplings (see appendix A) and quark loops gives a good description of the K → ππ amplitudes to leading order in 1/N c [5] , and under certain conditions of the anomalous π 0 → γγ amplitude [17, 16] , as well as K 0 → γγ [18, 19] . It is also worth recalling that the ∆ = 1/2 rule in CP -conserving kaon decays is reproduced within the model up to factors 2-3 [5] , whereas other approaches fail by an order of magnitude.
When performing loop integrals within this model, the logarithmic and quadratic divergences are identified with f π and the quark condensate, respectively, that is: 
It is perhaps useful to recall that, introducing in the effective theory a cut-off Λ one obtains [8] 
To the order we work we cannot remove the cut-off. Equations (2.5) are thus a convenient book-keeping device to identify f π andin the loop integrals. The model has a "rotated" picture, where the term L χQM in (2.4) is transformed into a pure mass term −M QQ for rotated "constituent quark" fields Q L,R :
where ξ · ξ = Σ. The meson-quark couplings in this rotated picture arise from the kinetic (Dirac) part of the constituent quark lagrangian. These interactions can be described in terms of vector and axial vector fields coupled to constituent quark fields
where
and
Here l µ and r µ are the external fields containing the photon (as well as the W field). Using (2.9), the strong chiral lagrangian O(p 2 ) can be understood as two axial currents A µ attached to a quark loop, leading to
Using the relations [16, 20] 2i 13) one obtains the leading strong chiral lagrangian 14) where D µ is the covariant derivative. Note that A µ is invariant under local chiral transformations [6] , in agreement with the invariance of L
s . In contrast, the vector field V µ transforms as a gauge field. Therefore, terms involving the vector field would manifestly break local chiral invariance and cannot appear in a chiral lagrangian, except for the anomaly term [19] . The vector field can only be present indirectly through some field tensor obtained from the commutator of the total covariant derivative of the lagrangian. In addition, the covariant derivative of A µ may occur in higher-order terms [5, 15, 20, 21] .
In the version of the χQM given by (2.4) (the unrotated picture) the momenta which correspond to derivatives of the fields have to be extracted from the quark propagators in the loop diagram, and it is in general difficult to see the correspondence between the quark and the bosonized version of the operators. The rotated picture, where the axial vector fields in eq. (2.9) couple to the quark loops with derivative couplings, is more transparent in this sense. For example, for O(p 4 ) terms (with two momenta and one current quark mass), no momenta have to be extracted from the quark propagators, and we can readily deduce the chiral lagrangian (bosonized quark operator) in terms of the rotated fields.
Bosonization of Q 11
The magnetic dipole operator (1.1) can be rewritten as
where σ · G ≡ σ µν G a µν t a , G a µν is the gluon field, t a are the SU(3) generators, normalized as Tr (t a t b ) = (1/2)δ ab , and (L, R) = (1 ∓ γ 5 )/2. The Hermitian conjugate is there to remind us of the corresponding s → d transition. This will be understood throughout the paper. The dipole operator in eq. (3.1) can be written in a chiral SU (3) covariant form as
is the current quark matrix. The Gell-Mann matrices λ ± = (λ 6 ± i λ 7 )/2 project ∆S = ±1 transitions out of the quark fields
where U R and U L are the chiral SU (3) transformation matrices.
In the rotated picture, Q 11 reads
The operator corresponding to Q 11 is understood in terms of a quark loop. Let us first note that the lowest-order contribution is given by a quark loop where only the field
This is the contribution that cancels against the pole term induced by a non-vanishing 0|Q 11 |K 0 transition [22] , in agreement with the FKW theorem [23] . To the NLO, we obtain a term corresponding to an interaction of F V (−) and two axial fields attached to a quark loop:
Note that F A (−) is not contributing in eqs. (3.5)-(3.6), because there must be an even number of γ 5 's in the quark loop. Using (2.13) and (3.4), we find that L (4) (Q 11 ) can be written in the form
In eq. (3.2), we see that λ − and M q are always next to each other, and so they must be in the bosonized version of Q 11 . We neglect the possible terms appearing as the product of two traces. The latter correspond to two quark loops connected by (soft) gluons and will therefore be suppressed by a factor (α s /π) 2 , at least. Due to the CP S symmetry [24] of the quark operators, also the corresponding bosonized operators have to exhibit such a symmetry. As a consequence the two terms in eq. (3.7) must appear with equal weight. Among all the possible terms for |∆S| = 1 kaon decays, which can be obtained by inserting the flavor-changing matrix λ − into various places within the trace in L (4) s [15] , we are thus left with the unique term in eq. (3.7).
The coefficient in eq. (3.7) can be most easily calculated in the unrotated picture, by considering, for instance, the off-shell K → π transition. In order to calculate G (4) 8 (Q 11 ), we expand L (4) (Q 11 ) to find the amplitude
where k is the off-shell momentum. Matching eq. (3.8) with the corresponding quark loop amplitude, represented by the diagrams in Fig. 1 , leads to
where we have used
which represents the two-gluon condensate contribution to the quark condensate (second diagram in Fig. 2 ). Diagrams analogous to those in Fig. 1 with the two meson lines entering at the same point do not contribute to momentum dependent terms, and are disregarded. In Table 1 we show the values ofG as a function of M . For the gluon condensate we have taken the central value of the lattice evaluation Having determined G
8 (Q 11 ) from the K → π transition, we can deduce the K → 2π amplitude from the chiral structure of L (4) (Q 11 ):
Even though the coefficient in L (4) (Q 11 ) is large, the Q 11 contribution to K → 2π is small because of the factor m 2 π (in place of m 2 K obtained for Q 6 ). The modest role played by Q 11 in ε ′ /ε comes therefore from this kinematical suppression rather than from its contribution being NLO in the chiral expansion.
4 Next-to-leading order bosonization of Q 6
The bosonization of Q 6 follows basically the same line as for Q 11 in the preceding section. The standard expression (obtained from eq. (1.2) by a Fierz transformation)
can be rewritten in the rotated picture as
where F (−) = ξ λ − ξ † , and the greek letters are flavor indices. Thus, likewise to L (4) (Q 11 ), the chiral representation of Q 6 to leading order can be written as
which by means of eq. (2.13) can be written in the same familiar form as the other
where G
8 (Q 6 ) is the most important component. The term in eq. (4.4) gives rise to the amplitudes
Now, we want to find the bosonization of Q 6 to the same order as L (4) (Q 11 ) in the preceding section. That is, the bosonized operator has to contain a mass insertion in addition to what is already included in L (2) (Q 6 ). The QCD mass lagrangian can be written as
which can be transformed to the form L mass = − Q M q Q, where
Therefore, a possible NLO representation of Q 6 is given by
with the addition of two other terms, where the quantities within the trace are permuted. In eq. (4.9) M X q represents some part of M q (i.e. X = R, L, V, A). Using eq. (2.13), we obtain three different CP S-symmetric terms:
These three terms are in fact linear combinations of those given in ref. [15] (again we have discarded subleading terms which are the product of two traces). Note that the last term is not immediately obtained by inserting λ − within the trace in L (4) s ; in order to obtain (4.12), one has to use
In the case of L (4) (Q 11 ) it was sufficient to calculate the K → π transition induced by Q 11 to determine the unique coefficient. Here we have to find three coefficients instead.
The K → π transitions are given by:
E,H , (4.13) 14) which show that G
E (Q 6 ) and G
H (Q 6 ) cannot be distinguished at this level (to consider other off-shell meson-to-meson transitions does not solve the problem). Thus, from the calculation of K → π transitions (see Fig. 3 for the relevant diagrams) we can at most determine G 
We therefore have also to consider the K → 2π amplitudes at the quark level, and match them with the chiral lagrangian results:
From eq. (4.16) it appears that in order to determine G
H (Q 6 ) by calculating quark loops for K → 2π, we may keep the m s m 2 K terms only. Moreover, if the coefficients G H will be the most important one.
To determine the coefficients G
E,H,K (Q 6 ), we calculate the K → π and K → 2π amplitudes due to Q 6 within the χQM. For the K → π transitions, in the leading factorizable limit, we obtain:
and for K → 2π:
These equations contain some building blocks which we calculate within the χQM. The quark condensate (Fig. 2) with mass insertions included is given by
where the last term represents the two-gluon condensate contribution (see eq. (3.10)).
As for the diagrams in Fig. 4 , in the naive dimensional regularization (NDR) scheme (anti-commuting γ 5 in d = 4), we obtain:
where q = k − p + and P = k + p + , while f + ≡ f (0) π /f = 1 can be identified with the vector form factor at zero momentum transfer q. Similarly, in the 't Hooft-Veltman (HV) scheme (commuting γ 5 in d = 4), we find:
In eqs. [27, 28] . Notice that these expressions are more general than those given by other authors [27, 28] , because our results are not based on the divergence of the on-shell current.
By using these matrix elements, we find that the constant term for the Q 6 −induced K → π transition vanishes as it should according to chiral symmetry [28, 29, 30] . This cancellation is exact in NDR; in the HV, it holds only up to terms of order 1/Λ 4 χ , a warning about the relevance of higher-order loop effects. A typical example of such a high order contribution would be any diagram in Fig. 3 with an extra meson line connecting the two quark loops. For consistency, we will always drop terms of order 1/Λ 4 χ or higher in all numerical estimates. In the NDR scheme, neglecting current quark masses which would amount to a correction ≤ 10%, the LO coefficient for the Q 6 matrix element is therefore 26) while the result in the HV scheme is
Then the relation 28) defines the NLO chiral parameter L 5 in agreement with refs. [7, 8] . In passing, let us remark that the leading non-zero matrix element of Q 6 is next-to-leading in the framework of the chiral perturbation theory since it is proportional to the coefficient
s .
In the χQM, to order M 2 /Λ 2 χ , we find 29) as in ref. [8] , and 30) both sensitive functions of M . Let us remark that for
eq. (4.28) used in eq. (4.6) gives the usual 1/N c matrix element [4] . In that scheme we therefore have
for Λ χ = 0.83 GeV
for Λ χ = 1.0 GeV . In Table 2 Table 2 .
Moving on to the NLO contributions, by using eqs. (4.15)-(4.17) we find in the NDR scheme:
whereas in the HV scheme:
The most important contribution to K → 2π comes from the third coefficient G .17)). In the NDR scheme we find:
whereas the HV result is:
Recently an NLO analysis of the hadronic matrix elements Q 1−10 has appeared [32] , which makes use of effective scalar-meson exchange. The result of ref. [32] for the operator Q 6 does not contain terms corresponding to L We see that G
E,H,K (Q 6 ) are formally suppressed by terms proportional to either f 2 /Λ 2 χ or f 4 /(M(0) ) with respect to G (4) (Q 11 ). However, because of the numerical factors in front, the NLO G (4) (Q 6 ) coefficients turn out to be numerically of the same size as G (4) (Q 11 ). Since the amplitude due to L (4) (Q 11 ) is effectively suppressed by a factor m 2 π /m 2 K with respect to the amplitudes obtained from L (2) (Q 6 ) and L H , the contribution of Q 11 to ε ′ /ε turns out to be generally more than one order of magnitude smaller than these NLO corrections (see Table 3 ). The same can be said of other subleading operators such as Q 3 , Q 5 and Q 7 (see eq. (6.2) below for the definitions, and Tables 7-9 ).
In Table 3 we have reported the weights of the NLO matrix elements of Q 6 and Q 11 relative to the LO Q 6 amplitude, as computed in the χQM. These estimates are robust as they do not sensibly depend on the detailed values of Λ QCD and Λ χ .
The Wilson coefficients computed by means of the renormalization group equations depend, at the NLO, on whether the NDR or the HV prescriptions are used in treating γ 5 in d dimension. At the same time, the matrix elements of the relevant operators do not have any scheme dependence, at least if computed by 1/N c techniques. As a consequence, there remains a γ 5 -scheme dependence which increases the uncertainties in the final result. The discrepancy between the HV and NDR result goes from 30% (Λ QCD = 200 MeV) to 40% (Λ QCD = 400 MeV) at m t = 130 MeV, becoming much worse in the "superweak" regime at m t = 170 GeV, where it goes from 70% (Λ QCD = 200 MeV) to 80% (Λ QCD = 400 MeV) [2] .
A potentially nice feature of the χQM is that it makes it possible to compute also the matrix elements in both schemes. In eqs. (4.26)-(4.27) we have computed the matrix element for the operators Q 6 to the leading order in the chiral expansion. The next most relevant contribution comes from the electroweak penguin operator Q 8 (eq. (1.3) ). This operator can be written as
where e u = −2e d = 2/3, so as to obtain
and, after a Fierz rearrangement and factorization,
3)
The leading order amplitude corresponding to eq. (5.3) is therefore given by
in the NDR scheme, and
in the HV scheme. In eqs. (5.5)-(5.6) we have kept only the leading momentumindependent terms. The momentum-dependent corrections are at the 10% level.
In a toy model for ε ′ /ε in which we use the full mixing to determine the Wilson coefficients, but keep only the contribution of the two leading operators Q 6 (for the I = 0 amplitude) and Q 8 (for I = 2), we can compare the scheme dependence in the 1/N c approach-where it only appears in the Wilson coefficients-and in the χQM, for different choices of M .
We have taken the Wilson coefficients at µ = 1 GeV (µ = 1.4 GeV) for m t = 170 GeV and multiplied them by the corresponding matrix elements, according to eq. (6.5) in the next section. We have used
In our case
Consistently to our approximation, we neglect the I = 0 contribution of Q 8 :
since it is suppressed in ε ′ /ε by a factor ∼ 1/20 (∆I = 1/2 rule) with respect to the I = 2 contribution of eq. (5.10). Notice that, at the zeroth order in momentum expansion, π + π − |Q 6 |K 0 = 0 and, as a consequence, the last term in eq. (5.11) is leading. The matrix elements in the χQM are computed using the scale-dependent quark condensate To reach values of M larger than its central value and closer to it, we would have to include higher-loop corrections. The preliminary nature of our analysis needs hardly be stressed as only two out of eleven operators have been considered. Even though Q 6 and Q 8 induce the most relevant contributions, we expect that a complete estimate of ε ′ /ε would result in a more stable range of values of M for which the γ 5 -scheme and µ dependences are reduced. This will also give us confidence on the size of ε ′ /ε that is obtained.
"NLO" study of ε ′ /ε with dipole operators
In this section we discuss the impact of the dipole gluon penguin Q 11 on present estimates of ε ′ /ε. The contribution of Q 11 is given by settingG at the rather conservative value of −(275 MeV) 3 (see Table 1 ).
Since a satisfactory calculation of ε ′ /ε in the χQM is missing beyond the leading factorizable order (the study is under way), we resort to the 1/N c analysis of ref. [2] for the ten traditional operators. We present our results in tables that show a detailed anatomy of the contributions of the different operators, and can be used as reference for future developments.
Because of the many ingredients involved in the calculation of ε ′ /ε, it is useful to briefly recall the theoretical inputs used. The effective lagrangian for |∆S| = 1 transitions can be written, for µ < m c , as [2] 
In the previous equation, λ i ≡ V id V * is , where V is the Kobayashi-Maskawa (KM) matrix, and τ ≡ −λ t /λ u . The Wilson coefficients z 1,2 (µ) run from m W to m c via the corresponding 2 × 2 sub-block of the 10 × 10 anomalous-dimension matrices, while z i (µ) = 0 for i = 3 − 10. From µ = m c down, as the charm-induced penguins come into play, all z i (µ) evolve, given the proper matching conditions, with the full anomalous-dimension matrices. The Wilson coefficients v i (µ) (y i (µ) = v i (µ) − z i (µ)) arise at m W due to integration of the W and top quark fields. They coincide with z i (µ) for i = 1, 2, the information about the top quark being encoded in the i = 3 − 10 components.
The list of the effective operators Q i (i = 1 − 10) is reported in refs. [2, 3] , whose notation we follow closely and where the reader may find a complete discussion of the basic tools. For convenience we report here the ten operators usually considered
where α, β denote color indices (α, β = 1, . . . , N c ) and e q are quark charges. Color indices for the color singlet operators are omitted. (V ± A) refer to γ µ (1 ± γ 5 ). We recall that Q 1,2 stand for the W -induced current-current operators, Q 3−6 for the QCD penguin operators and Q 7−10 for the electroweak penguin (and box) ones.
Not all the operators in eq. (6.2) are independent. For µ < m c , having integrated out the charm quark, we have
Note that these relations hold in the HV scheme, but they may receive additional contributions in other schemes since Fierz transformations have been used in obtaining them. Together with this basis, which closes under QCD and QED renormalization, one should a-priori consider two additional dimension-five operators: Q 11 (eq. (1.1)) and 4) which account for the magnetic and electric dipole part of, respectively, the QCD and electromagnetic penguin operators. In eq. (6.4) e d = −1/3 is the charge of the down quarks. Actually, in [9] we argued that the hadronic matrix element of the electromagnetic operator (6.4) is negligible and, accordingly, even if we keep the operator in our basis for the Wilson coefficients, we will put its contribution to zero in the end.
Since Im(λ u ) = 0 according to the standard conventions, the short-distance component of ε ′ /ε is determined by the Wilson coefficients y i . Following the approach of ref. [2] , y 1 (µ) = y 2 (µ) = 0 and the effect of Q 1,2 appears only through the linearlydependent operators Q 4,9,10 .
The lagrangian in eq. (6.1) yields [2] ε ′ ε = 10
We take, as input values for the relevant quantities, the central values given in appendix C of ref. [2] . This allows us to reproduce, in the ten-operator case, the central values of the results given in appendix B of ref. [2] . In particular, we take 
where β(g) is the QCD beta function and α the electromagnetic coupling (the running of α is being neglected). At the NLO we havê In order to include all available NLO effects in the evaluation of ε ′ /ε, we follow the analysis described in ref. [2] . The NLO 10 × 10 mixing matrices for the operators Q 1−10 can be found in refs. [2, 3] . Concerning the dipole operators, the leading-order matrix of the strong anomalous dimensions of Q 11 and Q 12 and their QCD-induced mixing with Q 1−6 can be borrowed from the existing calculations for the b → sγ decay [33] (recent discussions are given in ref. [12] ). In fact, by replacing s → b and d → s in eqs. (6.2)-(6.4) we obtain the operator basis, which should be considered for a complete NLO analysis of b → sγ.
While the 10 × 10 part of the anomalous dimension matrices (6.12) is identical to that used in refs. [2, 3] , two extra columns and rows have to be added to represent the mixing of the first ten operators with the two new ones, which takes place first at the two-loop level. We have taken for all two-loop anomalous dimensions the HV scheme results [2, 3] . In this way, no finite additional contributions to the renormalization of y 11 and y 12 arise at the various quark thresholds (for a discussion see Misiak in ref. [33] and ref. [11] ). The explicit expression ofγ T s is reported for instance in ref. [9] . We just recall that whereas the evolution of the dipole Wilson coefficients C 11 and C 12 is substantially affected by the mixings with Q 1−10 , the Wilson coefficients C 1−10 remain unaffected by the presence of the dipole operators (Q 1−10 close under QCD and QED renormalization). The two-loop mixings of Q 11 and Q 12 with the electroweak penguins (Q 7−10 )
, not yet given in the literature, can be easily derived from those with the gluon penguins (Q 3−6 ). We have verified that their effect on the running of C 11 and C 12 is negligible (< 1%) and therefore they can be safely set to zero (and, by extension, they can also be set equal to zero in b → sγ).
The complete NLO analysis would require computing, among other things, the three-loop mixings between the dipole operators and the first ten (quite a task!). The lack of knowledge on these entries introduces an uncertainty on the dipole Wilson coefficients which can be as large as 50% (see the analogous discussion for the b → sγ inclusive decay in ref. [12] ). However, for what concerns ε ′ /ε this uncertainty is diluted over many contributions, and it is certainly not as relevant as our ignorance of the hadronic matrix elements. The results presented here are obtained by adding two rows and two columns of zeros to the 10×10 electromagnetic and NLO anomalous dimension matrices, which can be found in refs. [2, 3] . As a consequence, the contribution of Q 11 to ε ′ /ε takes into account only the "LO" (two-loop) QCD effects.
The expressions for the initial Wilson coefficients v 1−10 (m W ) can be found for instance in ref. [2] . For what concerns the new coefficients v 11,12 (m W ) we have
In Table 6 we report the HV results we have obtained for z 1−12 (µ = 1 GeV) and y 3−12 (µ = 1 GeV) (recall that y 1,2 (µ) = 0) compared with their initial values, for m t = 170 GeV and for Λ (4) QCD = 200, 300 and 400 MeV. We fully agree on the values of the renormalized coefficients for the first ten operators with ref. [2] .
Let us remark that the effect of operator mixing induces a renormalization on v 11,12 (= y 11,12 + z 11,12 ) which is a factor of 4-5 larger than that induced by multiplicative running alone (which roughly reduces by a factor of two the initial Wilson coefficients).
In order to discuss the effect of the various operators in determining the size of ε ′ /ε, we need a consistent estimate of the relevant hadronic matrix elements. For the operators Q 1−10 , we follow the strategy of ref. [2] where the various matrix elements are evaluated by means of the 1/N c expansion and soft-meson methods. Overall coefficients B The matrix elements of Q 1 and Q 2 can however be determined phenomenologically from the experimental values of Re A 0 and Re A 2 , so as to reproduce the ∆I = 1/2 rule. In particular, in ref. [2] it is found that at µ = m c , B Further relations among other coefficients are advocated in ref. [2] , depending on the relevance and the role of the various operators, so as to reduce, in the ten-operator case, the description of the hadronic sector to two effective parameters: B 12 . For Q 11 we use our result (3.11) , where forG we take a typical value from Table 1 , namely −(275 MeV) 3 .
Since the determination of B 1 and B 2 is best achieved at µ = m c [2] , all the hadronic matrix elements are assumed to be evaluated at that scale and renormalized down to 1 GeV via their anomalous-dimension matrix. We proceed analogously, by setting B = 0 at µ = m c and using the 12 × 12 QCD and electromagnetic evolution matrices to evolve all the hadronic matrix elements to the 1 GeV scale.
Since the anomalous-dimension matrices, which govern the evolution of the hadronic matrix elements, are the transpose of those evolving the Wilson coefficients, we now find that the presence of Q 11,12 affects, from µ = m c down, the renormalization of the first ten operators. On the other hand, the evolution of Q 11,12 is determined solely by their 2 × 2 anomalous-dimension matrix, which implies that the matrix element of Q 12 remains vanishing.
As a consequence of the previous remarks, our results for the individual contributions of the operators Q 1−10 to ε ′ /ε may differ slightly from those reported in ref. [2] . We have however checked that, in the ten-operator case, we reproduce their NLO results exactly. Tables 7, 8 and 9 show the contributions to ε ′ /ε of each operator, for different choices of Λ (4) QCD and m t , in the HV scheme. The first ten contributions are also partially grouped in a "positive" gluonic component versus a "negative" electroweak component, which shows the "superweak" behavior of ε ′ /ε within the standard model as the top mass increases. The total effect in the extended operator basis is given in the last row.
We find these tables a useful way of displaying the currently available theoretical information on ε ′ /ε. In particular we observe that for m t ∼ > 170 GeV the size of ε ′ /ε becomes comparable to the Q 11 contribution alone, signalling the relevance of NLO contributions to the hadronic matrix elements.
A Feynman rules
In this appendix we collect some formulas that are useful in computing the hadronic matrix elements.
The free propagator for the constituent quark is given by
where p = γ · p. The same propagator in the external gluon field (fixed-point gauge) is [34] :
In order to compute the gluon condensate, the quark propagator in two external gluon fields is needed:
Other useful formulas are:
The relevant meson-quark interactions are derived from the lagrangian in eq. (2.4), which we write here as
which yields Table 7 : Anatomy of ε ′ /ε for Λ The contribution of Q 12 is being neglected. The entries for Q 3 − Q 10 represent the 1/N c central values (for a discussion on the error bars see ref. [2] , whose input parameters have been thoroughly assumed). The Q 11 amplitude is computed in the χQM, using the "LO" Wilson coefficient and settingG = −(275 MeV) 3 as a typical value (see Table 1 ). Table 8 : Same as in Table 5 for Λ Table 9 : Same as in Table 5 for Λ 
